Radiotherapy for cancer treatment has been used for primary or adjuvant treatment in many types of cancer, and approximately half of all cancer patients are undergoing radiation. However, ionizing radiation exposure induces genetic alterations in cancer cells and results in recruitment of monocytes/macrophages by triggering signals released from these cells. Using this characteristic of monocytes/macrophages, we have attempted to develop a biocarrier loading radiosensitizing anticancer agents that can lead to enhance the therapeutic effect of radiation in cancer treatment. The aim of this study is to demonstrate the proof of this concept. THP-1 labeled with Qdot 800 or iron oxide (IO) effectively migrated into tumors of subcutaneous mouse model and increased recruitment after ionizing radiation. Functionalized liposomes carrying a radiosensitizing anticancer agent, doxorubicin, are successfully loaded in THP-1 (THP-1-LP-Dox) with reduced cytotoxicity, and THP-1-LP-Dox also was observed in tumors after intravenous administration. Here, we report that monocytes/macrophages as a biocarrier can be used as a selective tool for amplification of the therapeutic effects on radiotherapy for human cancer treatment.
Introduction
Nearly half of all cancer patients receive radiotherapy, either alone or in combination with other treatment modalities such as surgery or chemotherapy [1] . Although radiotherapy alone or with other treatments reaches a successive survival rates in treated patients with some cancers (e.g., early stage larynx cancer and non-small-cell lung cancer), for many other sites (e.g., glioblastomas, sarcomas, and advanced non-small-cell lung cancer), it shows low survival rates or the other chronic health problems such as second primary cancers and aggressive metastatic cancers to other organs [1, 2] .
One of the reasons which reduce or neglect the therapeutic effect of radiotherapy is hypoxia in solid tumors. Hypoxia is a common feature in solid tumors and implicated in resistance to ionizing radiation and chemotherapy through multiple mechanisms caused by genetic or metabolic alterations in cancer cells [3] . Hypoxic tumor cells are significantly less responsive to radiotherapy and chemotherapy than well-oxygenated counterparts because of reduction or absence of the oxygen-derived free radicals that are needed to enhance DNA damage induced by ionizing radiation and nonproliferative hypoxic cells. The effect of these resistances brings increased invasiveness and metastatic potential, loss of apoptosis, and chaotic angiogenesis [4] .
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The accumulation of monocytes/macrophages from the blood circulation is a hallmark feature of cancers. As a result of release of a bunch of chemoattractants from altered tumor cells, monocytes are recruited into malignant tumors and differentiate into tumor-associated macrophages (TAMs) that facilitate tumor growth and survival [5] . The level of TAM numbers often correlates with aggressiveness and poor prognosis in human tumors and, in particular, appears to be affected by hypoxia [5] . TAMs are recruited to hypoxic sites by the release of macrophage chemoattractants (e.g., VEGF, endothelin-2, and EMAPLL) from hypoxic cells or by direct inhibition of the modality of TAMs [4] . These recruited and entrapped TAMs play an important role part in promoting tumor growth and progression by releasing many cytokines and growth factors such as VEGF and FGF2 [5] .
The consequences of these complicated correlations among a limitation of radiotherapy, the presence of widespread hypoxia, and the accumulation of macrophages bring out a big hurdle in effective cancer treatments. Despite having difficulties in selecting a target for a cancer therapy, we focused on monocytes/macrophages that predominantly accumulate into tumors that resulted from radiotherapy and hypoxia. We postulated that monocytes/macrophages can be used as a biocarrier that loads anticancer agents to potentiate therapeutic effects based on cell-mediated drug delivery. Recently, one study reported a trial of the use of macrophages, acting as a Trojan Horse, in nanoparticle delivery and therapeutic system [6] . The efficient migration of Au-nanoshell laden macrophage toward T47D breast cancer spheroid and Au-nanoshell laden macrophage death induced by the near-infrared (NIR) irradiation in the hypoxic regions of a tumor spheroid was demonstrated.
The aim of this study is to verify our idea that monocytes/macrophages loading imaging or therapeutic agents can be used, either alone or in combination with radiotherapy, to treat cancer.
Materials and Methods

Preparation of THP-1.
THP-1 (human acute monocytic leukemia cell line; ATCC, VA, USA) was cultured and maintained in RMPI 1640 medium (Gibco, NJ, USA) supplemented with 2-mercaptoethanol to a final concentration of 0.05 mM, 10% (v/v) heat-inactivated FBS plus 100 units/mL penicillin and 100 µg/mL streptomycin. For experiments, THP-1 was pretreated with 20 nM phorbol-12-myristate-13-acetate (PMA; CalBiochem, Merk KGaA, Darmstadt, Germany) for 16 hrs. • C and 5% CO 2 . After removing excessive IO by washing with PBS, THP-1 cells were collected by trypsinizing. In order to observe the migration of macrophages labeled with IO, 2 × 10 6 cells suspended in 200 µL of PBS were injected through the tail vein of a xenograft mouse model bearing subcutaneous A549 tumor. MR images were taken prior to irradiation and 5 days after irradiation. The tumors were imaged with a 4.7-T Bruker Biospin imager (Bruker Medical Systems, Karlsruhe, Germany) prior to an injection for baseline and on days 2 and 5. All animals were anesthetized (1.5% isoflurane in a 1 : 2 mixture of O 2 /N 2 O) before imaging. The imaging protocol included a T2 * -weighted, gradient-echo sequence (repetition time msec/echo time msec, 356.5/10.3; flip angle, 30
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• ). A transverse (orthogonal to tibia) section orientation was chosen for anatomic reproducibility of the image position and correlation with histological sections. The spatial resolution was 256 × 256 matrix; field of view, 2.18 × 2.06 cm; section thickness, 0.67 mm; section gap, 0.33 mm; number of sections, 16. All animals were scarified for histopathological evaluation after MR imaging.
Prussian Blue
Staining. All animals were sacrificed by means of administration of inhalable pure CO 2 . The hind legs including a tumor were dissected, ex-articulated, fixed in 4% paraformaldehyde, and embedded in paraffin for staining. Paraffin sections of 5 µm were prepared transversely. All slides were deparaffinized and rehydrated by sequenced sinking in xylene and ethanol. Prussian blue staining was performed using a mixture of 10% aqueous solution of potassium ferrocyanide and 20% aqueous solution of hydrochloric acid. After incubation for 20 minutes, the slides were washed at least 3 times in distilled water and counterstained with nuclear fast red for 5 minutes. After dehydration and clearing in ethanol and xylene, sections were evaluated using a microscope to determine the efficiency of labeling. Any cells that showed blue particles inside were considered labeled.
Preparation and Characterization of Liposomal Doxorubicin (LP-Dox)
. Unilamellar liposomes of approximately 150 nm diameter were prepared by the extrusion method employing a laboratory extruder. Briefly, the lipid composition was based on 15 : 15 : 30 : 40 molar ratio of DPPC (dipalmitoylphosphatidylcholine, Nof Corporation, Tokyo, Japan): DPPE (dipalmitoylphosphatidylethanolamine, Sigma-Aldrich Co., MO, USA): DPPG-Na (dipalmitoylphosphatidylglycerol, Nof Corporation, Tokyo, Japan): Cholesterol (Wako Pure Chemical Industries. Ltd., Osaka, Japan). The lipids were dissolved and mixed in chloroform/methanol (4 : 1 v/v) to assure a homogeneous mixture of lipids. The lipid film was thoroughly dried to remove residual organic solvent by placing the flask on a vacuum pump overnight. Then, the suspension obtained in 5 mL of hydration buffer (pH 4.0, 10 mM of HEPES and 120 mM Ammonium Sulfate) was extruded through polycarbonate filters with 800, 400, 200, and twice of 100 nm pore size for a size control. The average concentration of liposome was 5 mg/mL calculated with a cholesterol quantitation kit (BioVision incorporated, CA, USA) following a manufacturer's protocol. Encapsulation of doxorubicin hydrochloride (doxorubicin; Dox; Sigma-Aldrich, MO, USA) into the liposomal core was performed at 60
• C in a water bath for 30 min after the pH exchange of buffer (pH 7.4, 10 mM of HEPES, 100 mM Sodium chloride, and 100 mM Sucrose) in Sephadex G25 column (GE Healthcare Life Sciences, NJ, USA). The ratio of added doxorubicin to liposome is 1.8 mg : 15 mg. Removal of nonencapsulated doxorubicin was achieved by size exclusion chromatography using Sephadex G25. The encapsulate doxorubicin concentration was determined by a measurement of the fluorescence intensity (excitation at 537 nm and emission at 584 nm) with an Enspire 2300 multilabel reader (Perkin Elmer, MA, USA). The average concentration of doxorubicin in LP-Dox was 0.6 mg/mL. For the size determination of liposome, a Zetasizer (Nano-ZS, Malvern instruments, Malvern, UK) was used.
THP-1-LP-Dox Viability and Uptake. 5 × 10
3 THP-1 cells in 100 µL medium were plated in each well of a 96-well plate. Then, Dox or LP-Dox was added by concentration gradients, 1, 2, 10, or 20 µg/mL. Macrophages with Dox or LP-Dox were additionally incubated for 3, 6, or 24 hours. At the end of incubation time point, Dox or LP-Dox was removed by medium changing and washing. For a viability assay, macrophages were incubated with 100 µL of fresh medium containing 10 µL of the CCK8 solution (Dojindo Laboratories, Kumamoto, Japan) for 3 hours at 37
• C in 5% CO 2 . The absorbance was measured at 450 nm using an Enspire 2300 multilabel reader (Perkin Elmer).
To determine the concentration of Dox uptaken by macrophages, the survived cells were lysed at the end point of an incubation time, mixed with methanol to melt liposomes, and then measured fluorescence intensity. 
THP-1-LP-Dox Imaging. The plate-adherent THP-1 cells (approximately 5 × 10
6 cells per a 6 cm dish) were incubated with LP-Dox containing 20 µg/mL of Dox for 6 hours. After removing the remained LP-Dox in medium by washing with PBS, live THP-1 was harvested and counted. To determine the concentration of Dox uptaken by THP-1, 5 × 10 6 cells were lysed, mixed with methanol to melt liposomes, and then measured fluorescence intensity. For a test of delivery of macrophages-LP-Dox in subcutaneous or metastasis mouse models, 60 µg of Dox loaded THP-1-LP-Dox (approximately 10 6 cells) in 100 µL of PBS was administrated into a mouse through the tail vein, when a tumor volume was reached at 100 mm 3 in a subcutaneous model. Tumors were collected at 24 hours postinjection and subjected to fluorescence microscopic analysis. In order to collect tumors from each mouse at the end point of an experiment, mice were euthanized with CO 2 inhalation. Tumors collected were fixed in 4% paraformaldehyde and embedded in paraffin for staining. Paraffin sections of 5 µm were prepared and stained with DAPI (VECTASHIELD Mounting Media with DAPI, Vector Laboratories, Inc., CA) after deparaffinization and dehydration. Images were captured and processed with a fluorescence microscope (Bx53; Olympus, Tokyo, Japan) equipped with a cooled CCD camera (ORCA-R2; Hamamtsu Photonics K.K., Hamamatsu, Japan). CA, USA). P values less than 0.05 were considered statistically significant.
Statistical Analysis. All data expressed as mean
Results
In Vivo Migration of THP-1 Labeled with Qdot 800 in a Xenograft Mouse Model
. In order to demonstrate our hypothesis, we first needed to verify the migration ability of macrophages toward tumors in vivo. We tested the in vivo migration and infiltration ability of THP-1 using a xenograft mouse model bearing a subcutaneous A549 tumor. For long-term tracking or in vivo imaging easily, THP-1 cells were labeled with Qdot 800 which supports the intense fluorescence under various biological conditions and less autofluorescence in tissues. After 5 days postinjection of labeled THP-1 cells through tail vein, we imaged tumors with IVIS spectrum imaging system. Fluorescence located in tumors was apparently observed (Figure 1(a) ). In order to observe the radiation effect on the migration of macrophages, we irradiated tumors with 10 Gy after THP-1 injection. Interestingly, we observed increased intensity of fluorescence in tumors after 10 Gy of radiation (Figures 1(a)  and 1(b) ), compared to nonirradiated tumors.
In Vivo Migration of THP-1 Labeled with IO in a Xenograft
Mouse Model. In addition to Qdot, we also attempted to label THP-1 cells with IO to expand to other labeling methods. Like results with Qdots, distinct IO expressions in tumors after intravenous (i.v.) injection were observed in MR imaging and the expression was enhanced after radiation (Figure 2(a) ). We confirmed this result with blue stained IO in tumors with a Prussian blue staining (Figure 2(b) ). We observed a large number of blue stained IO spread in a deep side of a tumor from a mouse injected macrophages IO (Figure 2(b) ). We gave radiation with different doses, 2 and 10 Gy, if the radiation dose affects the migration ability of macrophages. Interestingly, we observed increased intensity of IO expression gradually followed with increased dose of radiation (Figures 2(a) and 2(b) ). These results led to open our hypothesis that macrophage can be used as a biocarrier, such as imaging or anticancer agents, to deliver into tumors with assistance of radiation or not.
Development of THP-1-LP-Dox.
Next, we asked to approach the way to load anticancer agents to THP-1 cells. The majority of anticancer agents has overt cytotoxicity. In order to use macrophages as a biocarrier for an anticancer agent, we needed to protect macrophages from a direct toxicity of a selected agent, Dox, as a cargo until they can reach tumors alive. We chose liposomes for encapsulating drugs to release slowly. Liposomes, nature biomolecules, have the ability to carry a greater amount of drugs while minimizing the risk associated with premature leakage. Dox was chosen as an anticancer drug in our experiment because of its unique fluorescence characteristic in excitation at 537 nm and emission at 584 nm which has the easy accesses to monitor their action. We successfully encapsulated Dox with liposome (approximately 150 nm diameter) composed of DPPC : DPPE : DPPG-Na : Cholesterol = 15 : 15 : 30 : 40 molar ratio followed by our regular protocol.
We then tested a toxicity of LP-Dox to THP-1 by CCK8 assay compared with free Dox as a control. With relatively long-term incubation (24 h), LP-Dox showed almost no cytotoxicity in our given concentrations compared to free Dox (Figure 3(a) ), although the total volume of cellular uptake of LP-Dox was much less than free Dox, which was not enough to our expectation (Figure 3(b) ). Therefore, we multiplied a concentration of LP-Dox into cells and reduced an incubation time to increase loading efficacy of LP-Dox in cells without any cytotoxicity. With short-time incubations (3 and 6 h), we observed only slight cytotoxicity in free Dox with a high concentration (Figure 3(c) ). The total volume of cellular uptake of LP-Dox was increased with the 10 times higher concentration as we added (20 µg/mL) without any effects on cell viability (Figure 3(d) ). We chose this concentration of LP-Dox (20 µg/mL) and an incubation time (6 h) for conditions of the next in vivo experiment.
In Vivo Migration of THP-1-LP-Dox in a Xenograft Mouse
Model. Although we previously observed the migration by using THP-1 labeled with Qdot or IO toward tumor site in vivo, we needed to confirm the migration of THP-1-LP-Dox into the tumor site in vivo. With an established subcutaneous mouse model that developed A549 tumor on the right thigh, we attempted to verify the migration of THP-1-LP-Dox after i.v. injection through tail vein. We collected tumors from each mouse at 24 hours postinjection of THP-1-LP-Dox and observed fluorescence on tumor tissues after DAPI counterstaining. Compared with a tumor which showed widespread Dox expression in the tumor after an intratumoral (i.t.) injection of free Dox, we observed similar amount of Dox expression infiltrated in the tumor from the group of THP-1-LP-Dox (Figure 4) . Unlike free Dox, Dox in these tumors was observed in the cells between tumor cells. These results indicated that macrophages effectively carried LP-Dox into the tumor site and could be used as a valuable tool for carrying anticancer agents.
Discussion
This study is to prove the concept of our idea that macrophages/monocytes can be used for a valuable tool for drug delivery into specific tumor sites. The unique characteristics of macrophages offered their potential as a target-specific drug carrier. Macrophages are immunocytes that migrate across the blood-tumor barriers to the tumor and can be collected easily from the blood. And their innate phagocytic capability provides an easy access of loading with therapeutic nanoparticles.
As a first trial in this study, we used THP-1 cells, which are originated from human acute monocytic leukemia cells, for a drug carrier. Although these cells loading with imaging or anticancer agents showed an active targeting and migrating ability towards tumors in our study, they should be considered more carefully as a carrier. THP-1 cells are cancer cells which can bring a chance of the second tumorigenesis and an immune rejection reaction in the body. Our final goal of the study is engaged on applying autoimplantation of monocytes/macrophages isolated from a cancer patient, as a biocarrier for chemotherapeutic anticancer agents not only to improve their therapeutic efficacy but also to eliminate an immune rejection response.
Recently, several studies using human or mouse macrophages as a delivery for nanoparticles or viruses have been reported [6] [7] [8] [9] . Notably, macrophages were served as a "Trojan Horse" delivery vector for nanoparticle therapeutics into inaccessible tumor regions, such as a hypoxic area. Choi et al. [6] demonstrated a study of using Trojan Horse nanoparticle delivery and therapeutics within their several critical steps that are the efficient phagocytosis of gold nanoshells by macrophages, photoinduced ablation of gold nanoshells laden macrophages, tumor recruitment, and photoinduced cell death of a human breast tumor spheroid. In another study, similar to our study, macrophages carrying 5-fluorouracil (5-FU) encapsulated in oligomannosecoated liposomes (OML) were used for drug delivery in a mouse intraperitoneal (i.p.) metastasis model [7] . The controlled tumor development by coadministration of OMLencased 5-FU and OML-encased magnetic nanoparticles, followed by treatment with an alternating magnetic field, was demonstrated in their study. Although these works were well demonstrated macrophages as a biocarrier, it was not proved whether the in vivo systemic approach was accessible.
Cell-mediated drug delivery using immunocytes, mononuclear phagocytes, and stem cells, and so forth offers targeted drug transfer to specific tumor sites with reduced drug immunogenicity and cytotoxicity [10] . Despite the advantages, this field of study is still considered an unexplored area with several limitations including high drug loading volume in cells to be enough to affect tumor cell death, active migration ability and time-controlled drug release at the desirable site without any leakage of drugs, and the improvement of safe and relatively stable drug formulation to be loaded in cells.
In this study, we showed the effective migration of THP-1 loading imaging agents or anticancer agents encapsulating liposomes into tumor sites in vivo. Also, increased accumulation of THP-1 cells in tumors was observed after radiation. These results suggest macrophage-mediated liposome-encapsulated drug delivery system alone or with a combination with a radiation is a new potential therapeutic system to amplify an efficacy in cancer treatment. However, in order to approach this, there are many views to be demonstrated further; when drug release is performed at the right sites in the body, how the drug loading volume in cells can be increased with any toxicity, how can we improve more sophisticated time-control release of drugs into the desired sites, and there is an efficient and obvious therapeutic effect we can recognize after a treatment.
